Aphidius rhopalosiphi is the most abundant species of Aphidiinae in cereal fields in northern Europe. Although the larval morphology of other Aphidiinae has been described, the morphology and immature development of A. rhopalosiphi remain unknown. Our goal is to relate growth and larval developmental stages to morphological changes during parasitoid development, using light and scanning electron microscopy. Aphidius rhopalosiphi develops through three larval stages with clear differences in the morphology of the mouthparts, tegument sculpturing, and respiratory features that can be related to the different constraints that the larvae have to face. In the first instar, adaptations to physical combat with competitors take the form of strong mandibles, active caudae, and dorsal spines that allow crawling motion. In the third instar, the larva is adapted to tear tissues with short hooked mandibles and to face aerial respiration. All instars possess sensory structures. The "three instars" hypothesis is supported here by the observation of larvae in exuviation. No differences were found between our observations and descriptions of other Aphidius species, supporting the idea that species of this genus cannot be distinguished by larval morphology but only by morphometric analysis. Some new features of the genus are presented for the first and second instars. 
Introduction
Aphidiine wasps are aphid endoparasitoids that undergo larval development inside a living host. Some species are currently used as biocontrol agents against aphids. Studies on larval morphology have reported a relative uniformity among Aphidiinae, but the number of larval instars remains unresolved (Stary 1962; Pennacchio and Digilio 1990) . On the basis of larval morphology, three instars have been proposed (Schlinger and Hall 1960; Stary 1966; Calvert and Van Den Bosch 1972; O'Donnell 1987 O'Donnell , 1989 Pennacchio and Digilio 1990) . Certain authors, however, favor four instars (Stary 1970; Couchman and King 1977; Hofsvang and Hågvar 1978; Chorney and Mackauer 1979; Pare et al. 1979; Chow and Sullivan 1984) and even five instars (Beirne 1942; Vevai 1942; Stary 1962; Van der Hoek 1971) . The four-instar hypothesis was the most accepted, but quantitative studies on 22 species belonging to 10 different genera of Aphidiinae support the three-instar hypothesis (O'Donnell 1987) as confirmed by Pennacchio and Digilio (1990) for Aphidius ervi Haliday. Even if the occurrence of intermediary instars is doubtful, the first and last instars are well described and identification keys are available (Capek 1970; O'Donnell 1989; Finlayson 1990) .
Aphidius rhopalosiphi De Stefani Perez is a native solitary aphid parasitoid common in cereal fields in Belgium (Langer et al. 1997 ) with a high potential for biological control (Levie et al. 2000) . No precise data are currently available on its developmental biology. Here, we describe the morphological criteria used to distinguish larval instars, evaluate the sensory and fighting structures of the larvae, and compare our data with data for other Aphidiinae.
Materials and methods
Aphidius rhopalosiphi was collected in winter wheat fields near Louvain-laNeuve, Belgium, in the summer of 2000 and reared on Sitobion avenae (Fabricius) maintained on winter wheat (Triticum aestivum (L.) (Poaceae) 'windsor'). Colonies of both A. rhopalosiphi and S. avenae were kept in the laboratory under controlled conditions (19.5 ± 0.6°C, 40%-50% RH, 16L:8D photoperiod).
Second-instar nymphs of S. avenae were individually parasitized by A. rhopalosiphi females. As soon as an oviposition attack was observed, the parasitized aphid was removed and placed on a single wheat leaf to avoid superparasitism. Twenty A. rhopalosiphi females were used, each of which parasitized about 30 aphids. Every 24 h, about 70 aphids were dissected in Hank's salt solution (Sigma-Aldrich). The parasitoid larvae were observed using a differential interference contrast microscope (Reichert, Vienna, Austria) fitted with a Nikon Coolpix 990 digital camera, and about 50 larvae per day were transferred into 70% alcohol for scanning electron microscopy (SEM). Larvae were placed in a metal basket between two polyamide filters of 10-µm mesh and then progressively dehydrated in alcohol (70%, 80%, 90%, 100%) and acetone. Critical-point drying was performed with a Balzers CPD-010 critical-point dryer (Balzers, Liechtenstein) using CO 2 . Larvae were then covered with gold-palladium using a JEOL JFC-1100 sputter unit (JEOL Ltd, Tokyo, Japan) and observed with a JEOL SEM-6400 at the Centre de Microscopie Electronique à Balayage et Microanalyse, Rennes. The nomenclature used in this paper is based on O'Donnell (1987 O'Donnell ( , 1989 , Finlayson (1990) , and Gauld and Bolton (1996) .
Results

First instar
Seventy-two hours after oviposition, embryos are still surrounded by a cellular trophamnion (Tremblay and Caltagirone 1973) . Ninety-six hours after oviposition, all first-instar larvae had hatched and teratocytes had been released into the host hemocoele. Three regions of the larva body were distinguishable: the head (h), three thoracic segments (t1-t3), and ten abdominal segments (a1-a10) (Fig. 1A ). Larvae were of the caudate-mandibulate type (Gauld and Bolton 1996) . The head had two strong sickle-shaped mandibles, each with a longitudinal groove (Figs. 1B and 1C) . Mandibles moved rapidly when active but remained behind the prominent maxillae when at rest, with their extremities hidden in the hypopharyngial "tentacular" excrescences (Fig. 1D) . As observed by light microscopy, the labrum adopted an active backward and forward motion. The epipharyngeal surface of the labrum had two areas each containing three discoid structures accompanied by small globular projections (Fig. 1E) in half of the specimens observed. The sensory structures of the head were well developed and arranged in a quite fixed position (Fig. 1F ). The edge of the labrum had two pairs of trichoid sensilla. A pair of roundish palps associated with a pair of trichoid sensilla were found on each maxilla (Fig. 1G) . Ventrally, the head displayed two pairs of trichoid sensilla on two longitudinal folds.
Two cephalic orifices were found on the dorsal side of the head as described for several Aphidiinae (O'Donnell 1989) , and a pair of latero-ventral orifices was found between the head and the first thoracic segment. Each abdominal segment had a transversal row of 7-20 robust spines (10-15 µm long) accompanied by 5-10 smaller spines (4-7 µm long) projected to the rear of the larva (Figs. 1H and 4A) . No spines were found on the three thoracic segments. The active cauda was carried by the tenth abdominal segment and was covered by spines ( Fig. 1I ).
Second instar
Second-instar larvae were found 144 h after oviposition. Body segmentation was similar to that of the first-instar larvae ( Fig. 2A) . The second-instar larvae were of the hymenopteriform type (Gauld and Bolton 1996) . Mandibles were absent (Fig. 2B ), but the mandibles of the third-instar larvae could be seen late in the development of the second instar underneath the cuticle (Fig. 2E , arrow) (Pennacchio and Digilio 1990). 
F). Frontal view of head with mandibles at rest (G). Dorsal view of abdominal segments, each with a row of spines (H). Cauda (I).
Sensory structures were displayed around the oral opening, but this arrangement varied among specimens. Groups of two (sometimes three) trichoid sensilla, two groups of three discoid structures with projections, and two bifid (trifid in two specimens) sensilla (Fig. 2H ) were located dorsally above the oral orifice. On the ventral side of the mouth, at least three pairs of trichoid sensilla were present with variable distribution.
As in the first instar, a cephalic orifice was present at the margin between the head and the first thoracic segment. The tegument of the abdominal segments was characterized by areas of aggregated spicules (length less than 3 µm) on the dorsal side (Fig. 4B) . The cauda was reduced and covered with spicules ( Figs. 2C and 2F) .
Moreover, as observed by light microscopy, late second-instar larvae had imaginal discs in the thoracic segments (arrows in Fig. 2D ) and tracheal arborescence (not completely connected and no spiracles). A specimen in the molting process (Fig. 2G) demonstrated the clear difference in tegument sculpturing between the second and third instars. 
Third instar
The third instar was found 168 h after oviposition and corresponded to the hymenopteriform type (Fig. 3A ) (Gauld and Bolton 1996) .
We can describe the following structures on the head, as schematically represented in Figure 3D : (a) one pair of antennal sockets on the dorsal side of the head; (b) two groups of three discoid structures on the labroclypeus (detail in Fig. 3I) ; (c) several pairs of trichoid sensilla, often asymmetrically disposed above the oral orifice; (d) one pair of lateral deep orifices; (e) one pair of lateral smooth buds (detail in Fig. 3L ); (f) one pair of triangular hook-shaped mandibles without teeth (detail in Fig. 3F ); (g) one pair of maxillary palps associated with a trichoid sensillum and an accessory palp (detail in Fig. 3J) ; (h) a silk press orifice on the prominent prelabium above two labial palps, each labial palp associated with two trichoid sensilla and an accessory palp; (i) two pairs of trichoid sensilla associated with the postlabium; (j) prominent porous buds laterally displayed by the maxillae (detail in Fig. 3K) ; and (k) two anterior tentorial pits laterally disposed on the labroclypeus.
The integument of the cephalic capsule was smooth dorsally with characteristic sculpturing above the mandibles, on the maxillae, and on the prelabium and the postlabium. The integumental sculpturing entirely covered the prothorax but only the dorsal part of the rest of the body (Figs. 3A-3C ). Each abdominal segment had a lateral and a ventral pair of smooth buds (similar to the lateral head buds) and an area with longitudinal dorsal folds (Fig. 4C) . A cauda was absent. The last abdominal segment (Fig. 3C ) had two groups of three trichoid sensilla and a pair of lateral porous buds (similar to the maxillary buds).
The third instar was characterized by nine pairs of spiracles laterally disposed on the mesothorax from the first to the eighth abdominal segment. Through light microscopy observations of the metathorax, we found that the second pair of spiracles was not connected to the tracheal system as described by Hofsvang and Hågvar (1978) for Aphidius colemani Viereck. We called these orifices "pseudospiracles". As observed by SEM, the connected spiracles (Fig. 3G) had tubular structures pointing to the outside, while unconnected pseudospiracles (Fig. 3H) were deep empty holes.
Discussion and conclusions
Our results support the three-instar hypothesis as proposed by O'Donnell (1987) . The morphological characterization of larvae in this study leads us to define three uniform groups. Early and late second instars are not morphologically different and nothing suggests that they are distinct. These two periods can be explained by growth and could have misled the authors of earlier studies. The three-instar hypothesis is supported by the occurrence of three types of integument (Fig. 4) . In addition, we found larvae molting between the first and second instars and also between the second and third instars. We did not find exuviae of larvae inside the aphids. The thinness and (or) rapid degradation of empty cuticle could explain this finding and might be an adaptation for waste avoidance within the host. Observation of in vitro reared larvae could lead us to unequivocally determine the number of instars by counting exuviae (Pennacchio and Digilio 1990) . Morphological characteristics easily identifiable with the aid of a light microscope are listed in Table 1 . The placement of some structures (e.g., imaginal discs, tracheal system) is progressive and does not follow the partitioning of larval instars.
In solitary parasitoids, only one larva per host develops to the adult stage. In the case of superparasitism (more than one egg laid in a single host), competition between developing larvae for possession of the host must occur (Fisher 1961) . Physical combat is one mechanism of elimination of supernumerary larvae (Vinson and Hegazi 1998) . It is generally accepted that the first instar is the one that fights (Chow and Mackauer 1984) . This idea is well supported by the morphological characteristics of first instars: strong, prominent, mobile mandibles; mobility due to a functional cauda; and body motion and dorsal spines facilitating crawling motion. Moreover, well-developed sensory structures can be used by larvae to localize or recognize competitor(s), as shown in Cardiochiles nigriceps Ashmead (Vinson and Mourad 2000) . As suggested by Couchman and King (1977) , these morphological characteristics could support the fighting activity of the larvae rather than their feeding activity. Several authors refer to the integumental absorption of nutrients by first-instar larvae (Arthur 1944; de Eguileor et al. 2001) .
Koinobiont parasitoid larvae face a changing environment inside the host and undergo hypermetamorphosis to maximize host exploitation (Gauld and Bolton 1996; Chapman 1998) . In contrast to the simple molting process, hypermetamorphosis allows successive larval instars to exhibit different morphology. In the first-and third-instar mandibulate larvae, palps are the most exposed structures of the perioral region. We suggest that these palps function in recognition of the environment and are related to the presence of mandibles. For koinobiont species, the host must remain alive and therefore mandibulate larvae must recognize which tissues they can use as food (vital organs must be preserved). The second instar is characterized by the absence of mandibles and palp-like structures. Therefore, it seems that palps and mandibles are associated structures. The appearance of hooked mandibles, a silk press, and functional spiracles in the third instar is a response to new environmental constraints. Mature larvae will have to tear tissues, spin a cocoon, and prepare for aerial respiration.
Concerning the pseudospiracles, our observations agree with those of A. colemani by Hofsvang and Hågvar (1978) . Further studies are needed to elucidate the function of the pseudospiracles found in third-instar larvae. These structures are similar in form and position to the lateral cephalic orifices of first and second instars and could share a yet unknown function. This is the first time tubular ornamentation of the spiracles has been described.
In this work, we present the first description of the larval instars of A. rhopalosiphi. Table 2 compares features reported for other Aphidius species with those of A. rhopalosiphi. New structures reported in this study were probably observed because of methodological differences rather than morphological differences between species. In fact, the genus seems to display a conserved morphological pattern, and in his work on first-instar morphology, O'Donnell (1989) could not distinguish species within the genus Aphidius. Finlayson (1990) distinguished Aphidius species by morphometric analysis based on sclerite size and spiracles of the last-instar larvae, but A. rhopalosiphi was not included in her study.
Finally, we have observed a certain level of variability in some structures among individuals and, for the same individual, between the left and right sides. This variability must be quantified to see whether it can be used for fluctuating asymmetry analyses. These kinds of analyses may be useful for comparing development conditions such as artificial in vitro rearing.
